We present a cryogenic source of periodic streams of micrometer-sized hydrogen and argon droplets as ideal mass-limited target systems for fundamental intense laser-driven plasma applications. The highly compact design combined with a high temporal and spatial droplet stability makes our injector ideally suited for experiments using state-of-the-art high-power lasers in which a precise synchronization between the laser pulses and the droplets is mandatory. We show this by irradiating argon droplets with multi-Terawatt pulses.
I. INTRODUCTION
A liquid that is forced through a small orifice into vacuum under laminar flow conditions emerges as a continuous, cylindrical jet, before it eventually spontaneously breaks up into a stream of spherical droplets as a result of Rayleigh induced oscillations 1 . Liquid jets deliver a uniquely functional, boundary-free and selfreplenishing target beam, and have found widespread applications, e.g., for soft X-ray generation 2 , X-ray absorption spectroscopy 3 , photoelectron spectroscopy 4 , femtosecond X-ray crystallography 5 , and also for studies of fast structural phase transformations 6 . Microscopic liquid jets are also very promising candidates for novel studies on intense laser-driven plasma generation. The interaction of ultrashort laser pulses with solid targets allows producing extreme conditions that are relevant to tabletop particle accelerators [7] [8] [9] and laboratory astrophysics 10, 11 . Here, the laser energy is initially transferred to the target via the generation of relativistic electrons. However, the usually large dimensions of the employed targets, typically flat thin foils of mm 2 to cm 2 size, allow the hot electrons to spread transversely leading to a significant reduction of the energy density in the target. This precludes the efficient heating of the target material and thus has immediate consequences for fundamental applications such as ion acceleration 12 . Recent efforts have provided evidence for very efficient bulk heating with the use of nearly mass-limited targets whose transverse dimensions are comparable to the laser focus a) grisenti@atom.uni-frankfurt.de such as microspheres 13 or microdots 14 , but the invariable presence of target holders still leads to a significant spreading of the electrons and hence to a rarefaction of the energy density. The use of levitated spherical targets in a Pauli trap has been demonstrated 15 , but these experiments still suffer from the major drawback that the employed target must be replaced after each laser shot. This, in turn, greatly precludes detailed parametric studies requiring the collection of a large amount of data, and the use of laser-driven ion sources operating in the (quasi-) continuous mode that is mandatory for most potential applications such as ion-based cancer therapy 16 . Rayleigh droplet beams are extremely attractive with respect to the above applications because, when the Rayleigh instability is induced by an intentionally applied excitation, the triggered breakup process delivers a perfectly periodic stream of identical, isolated droplets at a production rate of up to ∼ 1 MHz, thereby enabling detailed scaling studies under highly reproducible conditions by employing intense laser pulses in a wide range of repetition rates.
Experiments employing liquid water jets have clearly demonstrated the advantages of Rayleigh droplet beams for relativistic laser-plasma generation 17, 18 , yet for many potential applications hydrogen and nobel gases represent the most scientifically relevant target systems. For example, it has been shown numerically that the use of a pure hydrogen target characterized by a higher plasma density would significantly increase the efficiency of the proton acceleration process 19 , which would be further enhanced by the small droplet size. Hydrogen is also of central importance as model system for studies of the equation of state under high-density plasma conditions that are expected in the interior of giant planets such as Jupiter 11 . Liquid droplets of rare gases such as argon, on the other hand, are ideally suited for K-shell X-ray spectroscopy studies of the heating mechanisms of the bulk target material by providing direct access to the energy distribution and relaxation of the hot electron population 14 . Whereas a variety of microscopic Rayleigh droplet beams, which include water, metallic and various organic solvent liquid jets, have been routinely produced in the laboratory for a decade 2, 20, 21 , the stable generation of periodic droplet beams of cryogenic elements such as hydrogen and argon proves challenging. The high vapor pressure at the triple point of liquid argon and hydrogen results in very efficient evaporative cooling upon vacuum expansion. The expanding liquid filament thus rapidly cools below its normal melting point and freezes well before Rayleigh breakup can take place 6, 22 . The jet freezing can be circumvented by expanding the liquid into an atmosphere of the respective gas before injecting the resulting droplet stream into vacuum, a scheme that has enabled the production of hydrogen droplet beams for applications in nuclear physics research in a storage ring 23, 24 . However, the droplet sources employed in these studies are characterized by extended dimensions and a substantial loss of the spatial synchronization of the triggered droplet beam on the vacuum side 23 , crucial features that preclude their use in experiments in which pulses from a high-power laser are focused to a micro-scale spot. Here, we describe a novel concept for an injection source that addresses the above drawbacks delivering stable, periodic droplet beams of the cryogenic gases hydrogen and argon ideally suited for novel studies on relativistic laserplasma generation.
II. THE CRYOGENIC DROPLET INJECTOR
At the heart of our droplet injector, shown in Fig. 1 , is the use of a glass capillary that is inserted into an outer glass capillary tube ( Fig. 1(b) ). As the liquid jet emerges from the inner capillary it expands in an axially co-flowing gas plenum that suppresses evaporative cooling. The use of a co-flowing gas sheath has been demonstrated by Gañán-Calvo as a method of generating columnar liquid jets of much reduced diameter as a results of gas dynamic forces 25 , and this approach has been adapted recently to liquid water jets 26 as a means to deliver proteins into vacuum for serial crystallography 5 . A novel and important aspect of the source described here is the additional challenge of working at cryogenic temperatures. In our design the typical distance between the inner capillary orifice and the outer tube exit hole is adjusted down to ∼ 1 mm ( Fig. 1(b) ). This feature thus allows significantly reducing the interaction time of the droplets with the co-flowing gas, which is held responsible for the degradation of the droplet spatial stability observed in previous studies 23 . The compact size of our source would greatly facilitate the droplet beam opera- tion in a vacuum environment characterized by the presence of many delicate optical components as typically encountered in laser-plasma generation experiments.
The glass capillaries are produced from commercial, pulled Quartz tubes of ≈ 0.9 mm inner diameter. Glass capillary nozzles allow producing liquid jets of much superior quality in terms of pointing stability as compared to commercially available thin-walled microscope apertures employed in previous studies 27 . We break the central neck under the microscope to precisely control the final orifice diameter. Our capillaries are characterized by a sharp orifice edge resulting in ideal conditions for laminar liquid flow. Each capillary is epoxy glued into a cylindrical copper plug, which is then sealed by compression onto a custom copper tailpiece. A ring-formed ultrasonic piezoelectric transducer that works at frequencies of up to 12.5 MHz is fixed to the capillary holder to generate a periodic disturbance that triggers the breakup of the liquid jet. Precise alignment of the outer glass tube exit aperture with respect to the jet propagation axis is obtained off-line by means of the adjusting front plate ( Fig.  1(a) ) while producing room-temperature isopropanol or water jets. During liquid beam operation in a vacuum environment our injector is screwed into the tip end of a continuous helium flow cryostat for cryogenic cooling of the source with a temperature stability of better than 0.02 K.
Nozzle clogging is the most serious problem that arises when producing microscopic liquid jets from sub-10 µm diameter orifices. In general, by applying a moderate pressure from the capillary tip end it is possible to clean (i.e., de-clog) a clogged nozzle, and we have found that the clog can be readily expelled from the glass tube in a centrifuge. Extensive observations with an optical microscope have evidenced that in our specific case the onset of clogging is primarily caused by the presence of sharp, a few µm long copper threads that protrude from the interior wall within the about 20 mm long channel downstream of a 0.5 µm pore filter. Our efforts devoted to significantly reduce the clogging rate have shown that a large fraction of these micro-scale threads, which are likely swept away by the flowing liquid, can be reliably removed by etching in acid (FeCl 3 ) solution the diverse cop-
FIG. 2. Stroboscopic images of periodic (a) argon and (b)
hydrogen droplet beams propagating in vacuum. The argon beam is produced from a 10±0.5 µm diameter capillary orifice at a nominal stagnation source pressure of 10 bar and at a temperature of 86 K and expanding in argon gas at a mass flow of 35 sccm. The hydrogen beam is produced from a 5±0.5 µm diameter capillary orifice at a nominal stagnation source pressure of 7 bar and at a temperature of 14.5 K expanding in hydrogen gas at 70 sccm.
per tailpieces that constitute the nozzle assembly. This procedure allows us producing liquid jets from capillaries of diameter down to about 3 µm, and such beams would run continuously for several days.
III. DROPLET BEAM OPERATION
Figures 2 shows periodic beams of monodisperse argon and hydrogen droplets of diameter of 21 ± 1 µm and 13 ± 2 µm, respectively, jetting from the outer tube exit hole into vacuum. Beam imaging is obtained by using a 4M pixels CCD camera and a long-distance microscope. The function generator driving the piezoelectric actuator also triggers a 10 Hz Nd-YAG laser emitting 10 ns pulses for stroboscopic backside illumination, as verified by observation of droplets that appear stationary at the piezo driving frequency. In particular, the stable, satellite-free argon and hydrogen droplet streams are found at excitation frequencies (within 2%) f = 0.618 MHz and 2.181 MHz, respectively. The argon and hydrogen droplets propagate at a velocity of v = 37 ± 1 m s −1 and 130 ± 3 m s −1 , respectively, as inferred directly from the stroboscopic images according to v = λf , where the distance between the droplets is λ = 59.6 ± 0.2 µm for argon and 59.4 ± 0.2 µm for hydrogen. The corresponding reduced wave number 1 x = πd/λ (d is the orifice diameter, see caption of Fig. 2 ) is ≈ 0.53 for the argon beam and ≈ 0.26 for the hydrogen beam. These values are slightly different from that corresponding to the Rayleigh mode for fastest sinusoidal perturbation growth, which occurs for x ≈ 0.7, and are consistent with previous observations 24 .
To show that our triggered droplet beams exhibit the necessary spatial stability we compare several single-shot images as those shown in Fig. 2 . The individual frames are used to determine the relative radial (in the image plane) displacements of the center of mass positions of the individual droplets along the stream path 28 . The mean relative displacement δr obtained by averaging over all frames is plotted in Fig. 3 as a function of the distance z from the outer tube exit aperture. For a more quantitative analysis of the droplet beam features of Fig. 3 we require a stability criterion that takes into account the laser spot radius r L . A possible choice might be δr ≤ r L , which would ensure a nearly ideal overlap between the laser pulse and the droplet. Thus, according to Fig. 3 we see that both hydrogen and argon droplet beams meet the above condition within the first few millimeters propagation distance for an experimentally realistic spot size radius of r L ≥ 2 µm.
The increase of δr with increasing z (Fig. 3) results from the interaction of the droplets with the coexpanding gas prior to vacuum injection 23 , as evidenced in our case by the steeper increase of δr for the hydrogen droplets than for the much heavier argon droplets. This is further confirmed by the observation of spatially more stable hydrogen droplets produced without external gas atmosphere, as shown by the open symbols in Fig. 3 . Here, the gas that evaporates from the hydrogen jet surface is trapped inside the outer glass tube, slowing down the freezing process and thus enabling the triggered jet breakup. However, the hydrogen droplet stream produced under these conditions is invariably characterized by the occasional appearance of solid, several tenths of micrometer long rods formed as a result of short-term jet freezing.
IV. RELATIVISTIC LASER-PLASMA GENERATION
In order to test our droplet injector, especially regarding the synchronization between the droplets and the laser pulses, we performed a proof-of-principle experiment at the PHELIX laser facility 29 by employing the argon droplet beam as target. Laser pulses of 370 fs duration and containing 2.5 J energy from the pre-amplifier stage and generated at a repetition rate of about one shot every three minutes were focused by a 90
• off-axis parabola to a spot of r L ≈ 3 µm (see Fig. 4(a) ) at a distance z = 4 mm from the outer tube exit hole, producing peak intensities ∼ 10 19 W cm −2 . Temporal synchronization was obtained by triggering the laser amplifier chain with the high-frequency signal that drives the Rayleigh breakup process. Since the short-pulse laser oscillator is not phase locked to the piezo frequency, the temporal accuracy was determined by the round-trip period of the pulses in the oscillator, resulting in a jitter of ≈ 13 ns and corresponding to a spatial uncertainty of ≈ 0.45 µm for the argon droplets. Thus, any deviation from the ideal case of a droplet uniformly illuminated by the laser pulse primarily came from the observed droplet relative spatial displacement at focus (Fig. 3) . Figure 4 (b) shows a time-integrated 2D-image of the VUV emission in a narrow spectral range around 13.7 nm, evidencing a spherical plasma that remains close to the initial droplet size during the thermal emission stage, and thus supporting the conclusion that the droplets are heated isochorically to high-density plasma conditions. The droplet X-ray emission is spectrally dispersed by a cylindrically curved graphite crystal and is then recorded by a back-illuminated CCD camera. The measured Xray spectrum is shown in Fig. 4(c) , which covers the energy range from the argon cold K-α line at 2.96 keV to the Ly-α transition at 3.32 keV. The K-α line originates from the fluorescence decay following collisional ionization of K-shell electrons by the relativistic electron population produced during the interaction with the intense laser pulse. The estimated conversion efficiency of the laser energy into K-α radiation of ∼ 10 −5 is in good agreement with previous experiments employing nearly mass-limited targets 13, 14 , indicating indeed an efficient coupling to the relativistic electrons.
V. CONCLUSIONS
Whereas a more detailed analysis of the recorded spectra will provide deeper insights into the heating mechanisms of the solid-density argon droplets, the results presented here clearly demonstrate the potential of our cryogenic droplet beam injector as a means to deliver ideal mass-limited target samples in vacuum. In particular, the compact design combined with a high spatial droplet stability makes the injection system described here ideally suited for relativistic laser-plasma applications in which a precise control on the overlap between the laser beam focus and the droplets is mandatory. Our droplet injector thus opens up new possibilities for tabletop proton accelerators and studies of matter under extreme conditions relevant to astrophysical phenomena. 
